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Abstract
Assuming the newly observed Zc(3900) to be a molecular state of DD¯
∗(D∗D¯), we calculate the
partial widths of Zc(3900) → J/ψ+pi; ψ′+pi; ηc+ρ and DD¯∗ within the light front model (LFM).
Zc(3900) → J/ψ+ pi is the channel by which Zc(3900) was observed, our calculation indicates that
it is indeed one of the dominant modes whose width can be in the range of a few MeV depending on
the model parameters. Similar to Zb and Z
′
b, Voloshin suggested that there should be a resonance
Z ′c at 4030 MeV which can be a molecular state of D∗D¯∗. Then we go on calculating its decay
rates to all the aforementioned final states and as well the D∗D¯∗. It is found that if Zc(3900)
is a molecular state of 1√
2
(DD¯∗ + D∗D¯), the partial width of Zc(3900) → DD¯∗ is rather small,
but the rate of Zc(3900) → ψ(2s)pi is even larger than Zc(3900) → J/ψpi. The implications are
discussed and it is indicated that with the luminosity of BES and BELLE, the experiments may
finally determine if Zc(3900) is a molecular state or a tetraquark.
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I. INTRODUCTION
Recently the BES collaboration[1] has claimed that a new resonance is observed in the
invariance mass spectrum of J/ψπ± by studying the process e+e− → J/ψπ+π− at √s = 4.26
GeV, which is referred as Zc(3900) with its mass and width being (3.899 ± 3.6 ± 4.9) GeV
and (46± 10± 10) MeV respectively. The Belle[2] and CLEO[3] also reported the same new
structure. Since the resonance is charged it cannot be a charmonium, but its mass and decay
modes imply that it has a hidden charm-anticharm structure, therefore it must be an exotic
state. In fact, before this discovery, two bottomonium-like charged resonances Zb(10610) and
Zb(10650) were observed by BELLE[4] and confirmed by BABAR [5]. Because they cannot
be bottomonia, a reasonable postulate is that they are exotic states with constituents of
bb¯ud¯(du¯), e.g. they may be molecular states or tetraquarks etc. Observation of similar
charged meson Zc(3900) indicates that at the charm energy range there exist similar exotic
states. It intrigues enormous interests of theorists [6–11]. For Zc(3900) some authors suggest
it to be a molecular state[7–10], whereas some others think it as tetraquark or a mixture of
the two states[11]. Which one is the true configuration? The answer can only be obtained
from experimental measurements. Namely different structures would result in different decay
rates for various channels. Therefore, by assuming a special structure, we predict its decay
rates for those possible modes, then the theoretical predictions will be tested by further
more accurate measurements and their consistency with data would tell us if the postulation
about the hadron structure is reasonable. In this paper we will study the strong decays of
Zc(3900) which is assumed to be a molecular state with the quantum number I
G(JP ) =
1+(1+). Assuming Zc(3900) to have constituents of DD¯
∗(D∗D¯), we investigate the decays
Zc(3900)→ J/ψπ; ψ′π; ηcρ and DD¯∗ under this assignment.
Comparing with Zb(10610) and Zb(10650), Zc(3900) has the same light degrees of freedom,
so that one may expect another resonance to exist around 4030 MeV [11] and it could be
of the molecular structure of D∗D¯∗. With that assignment we calculate the decay rates of
Zc(4030) via the aforementioned decay modes for Zc(3900) as well as D
∗D¯∗ because this
channel is open at the energy 4030 MeV within the same theoretical framework.
In this work, we will extend the light front quark model (LFQM) which was thoroughly
studied in literature [12–22] to investigate the decays of a molecular state. Initially the
authors[12, 13] constructed the light front quark model (LFQM) which is used to study
processes where only mesons are involved. Later Cheng et. al. extended the framework to
explore the decays of pentaquark[14]. Along the line we have extended the model to calculate
the decay rates of baryons [15]. With the LFQM, the theoretical predictions are reasonably
consistent with data, it implies that the applications of LFQM to various situations at charm
and bottom energy regions are comparatively successful. This success inspires us to extend
the light front model to study decays of molecular states.
In this approach the constituents are two mesons instead of a quark and an antiquark in
the light front frame. In the covariant case the constituents are not on-shell. The effective
interactions between the two concerned constituent mesons are that often adopted when one
studies the effects of final state interactions[23–28]. Namely, by studying such processes,
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one can extract the effective coupling constants from the data. Since for the molecular
states the constituents and interactions are different from the case for quarks, we need
to modify the LFQM and then apply the new version to study the exotic hadrons. In
this paper we will deduce the form factors for the two-body decays of a molecular state of
IG(JP ) = 1+(1+), and use them to estimate the decay widths of Zc(3900)→ J/ψπ; ψ′π; ηcρ
and DD¯∗ by assuming Zc(3900) to be a molecular state of DD¯∗, then we calculate the rates
of Zc(4030)→ J/ψπ; ψ′π; ηcρ and DD¯∗; D∗D¯∗.
In our calculation, we keep the q+ = 0 condition i.e. q2 < 0 where one of the final mesons
(π or D) is off-shell, thus the obtained form factors are space-like, i.e. unphysical. Then an
analytical extension from the space-like region to the time-like region is applied. Letting the
meson be on-shell one can get the physical form factor and calculate the corresponding decay
widths. The numerical results will offer us information about the structure of Zc(3900) and
the possible Zc(4030).
After the introduction we derive the form factor for transitions Zc(3900) →
J/ψπ; ψ′π; ηcρ and DD¯∗ and Zc(4030) → J/ψπ; ψ′π; ηcρ and DD¯∗; D∗D¯∗ in section
II. Then we numerically evaluate the relevant form factors and decay widths in Sec. III,
where all input parameters are presented. At last we discuss the implications of the nu-
merical results possibilities, then finally, we draw our conclusion even though it is not very
definite so far. Some details About the adopted approach are collected in the appendix.
II. THE STRONG DECAYS OF Zc(3900) AS A 1
+ DD¯∗ MOLECULAR STATE
In this section we study the strong decays of a 1+ DD¯∗ molecular state in the light-front
model. In Ref.[12, 13, 19] the model is used to explore some meson decays. In this paper we
extend it to study a molecular state and the interactions between mesons are regarded as
effective ones. The configuration ofDD¯∗ molecular state is 1√
2
(DD¯∗+D¯D∗). By the Feynman
diagrams it is also noted that the topological structure for Zc(3900) → J/ψπ; ψ′π; ηcρ is
different from that for Zc(3900)→ DD¯∗, so we deal with them separately.
A. Zc(3900) → J/ψpi (ρηc orψ′pi)
The Feyman diagrams for Zc(3900) decaying into J/ψπ by exchanging D or D
∗ mesons
are shown in Fig.1. It is noted that when calculate the rates Zc(3900)→ ρηc or ψ(2s)π, one
can simply replace J/ψπ by the corresponding final states of ρηc or ψ(2s)π.
Following the approach in Ref.[19], the matrix element of diagrams in Fig.1 can be cast
as
A11 = i 1
(2π)4
∫
d4p1
[HA01(S
1(a)
dα + S
1(b)
dα ) +HA10(S
1(c)
dα + S
1(c)
dα )]
N1N
′
1N2
ǫd1ǫ
α (1)
with
S
1(b)
dα =
g
ψD∗D∗
g
piDD∗√
2
gαβg
µβ(qν + p1ν )g
νν′[(q′ − p2)dgµν′ − q′µgdν′ + p2ν′gdµ]
3
D(p1)
pi(q)
X(3900)(P ′)
D¯∗(p2)
D(q′)
J/ψ(P ′′)
α
β µ
d
D(p1)
pi(q)
X(3900)(P ′)
D¯∗(p2)
D∗(q′)
J/ψ(P ′′)
α
β µ
ν
ν′
d
(a) (b)
D∗(p1)
pi(q)
X(3900)(P ′)
D¯(p2)
D(q′)
J/ψ(P ′′)
α
β µ
d
D∗(p1)
pi(q)
X(3900)(P ′)
D¯(p2)
D∗(q′)
J/ψ(P ′′)
α
β µ
ν
ν′
d
(c) (d)
+the Figures exchanged the final states
FIG. 1: strong decays of molecular states.
F(m1, p1)F(m2, p2)F2(mD∗ , q′),
S
1(c)
dα =
−g
ψDD
g
piDD∗√
2
gαβg
µβ(qµ − q′µ)(p2d + q′d)F(m1, p1)F(m2, p2)F2(mD, q′),
S
1(d)
dα =
−g
ψDD∗
g
piD∗D∗√
2
gαβg
µβgνν
′
εaµcνp
a
1q
′cεωdν′ρP
′′ωq′ρ
F(m1, p1)F(m2, p2)F2(mD∗ , q′), (2)
N1 = p
2
1−m21+iε, N ′1 = q′2−m2q′+iε andN2 = p22−m22+iε. However S1(a)dα = 0 since for strong
interaction, three pseudoscalars do not couple. The form factor F(mi, p2) = (mi+Λ)
2−m2
i
(mi+Λ)2−p2
compensates the off-shell effect of the intermediate meson (mi and p are the mass and
momentum of the intermediate meson ). The vertex function HA will be discussed later.
The momentum pi is decomposed as (p
−
i , p
+
i , pi⊥) in the light-front frame. Integrating out
p−1 with the methods given in Ref.[17] one has
∫
d4p1
HASdα
N1N ′1N2
ǫ1
dǫα → −iπ
∫
dx1d
2p⊥
hASˆdα
x2Nˆ1Nˆ ′1
ǫ1
dǫα, (3)
with
Nˆ1 = x1(M
2 −M02),
Nˆ
′
1 = x2q
2 − x1M ′02 + x1M ′′2 + 2p⊥ · q⊥,
hA =
√
x1x2
m′1m2
(M ′2 −M ′20 )h′A
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where M and M ′ represent the masses of initial and finial mesons. The factor
√
x1x2(M
′2−
M ′20 ) in the expression of hA was fixed in Ref.[19] and a new factor
√
1
m1m2
appears because
the constituents are bosons. h′A is defined in the Appendix.
To include the contributions from the zero mode p1µ, p1ν , p1µp1ν and WV in s
a
µν must be
replaced by the appropriate expressions as discussed in Ref.[19], for example
WV → wV = M0 +m1 +m2
p1µ →
x1
2
Pµ + (x
2
− p⊥ · q⊥
q2
)qµ,
...... (4)
with P = P ′ + P ′′ and P ′ and P ′′ are the momenta of the concerned mesons in the initial
and final states respectively .
More details about the derivation and some notations such as M0 and M˜0 can be found
in Ref.[19]. With the replacement, hASˆdα is decomposed into
F11gdα + F12P
′
dP
′′
α , (5)
with
F11 =
g
ψD∗D∗
g
piDD∗
hA01
2
√
2
(2A
(2)
1 − 2m12 +M ′2 + A(1)1 M ′2 + A(1)2 M ′2 −M ′′2 + 3A(1)1 M ′′2
−A(1)2 M ′′2 − 2ˆN ′1 + q2 − A(1)1 q2 −A(1)2 q2)F(m1, p1)F(m2, p2)F2(mD∗ , q′) +
−
√
2g
ψDD
g
piDD∗
hA10 A
(2)
1 F(m1, p1)F(m2, p2)F2(mD, q′) +
g
ψDD∗
g
piD∗D∗
hA10
2
√
2
[−2A(2)1 (M ′2 −M ′′2 − q2) + (A(1)1 −A(2)2 −A(2)3 ) (M ′4 + (M ′′2 − q2)
2
−2M ′2 (M ′′2 + q2))]F(m1, p1)F(m2, p2)F2(mD∗ , q′)
F12 =
g
ψD∗D∗
g
piDD∗√
2
hA01 [1− 6A(1)1 + A(2)2 − 2A(2)3 − A(2)4 ]F(m1, p1)F(m2, p2)F2(mD∗ , q′) +
−
√
2g
ψDD
g
piDD∗
hA10(−2 + A(1)1 + 3A(1)2 + A(2)2 − 2A(2)3 −A(2)4 )F(m1, p1)F(m2, p2)
F2(mD, q′) +
g
ψDD∗
g
piD∗D∗√
2
hA10 [2A
(2)
1 − (A(1)1 − A(2)2 −A(2)3 ) (M ′2 +M ′′2 − q2)]
F(m1, p1)F(m2, p2)F2(mD∗ , q′), (6)
where Ai
(j)(i = 1 ∼ 4, j = 1 ∼ 4) are determined in Ref.[19].
We define the form factors as following
f11(m1, m2) =
1
32π3
∫
dx2d
2p⊥
F11
x2Nˆ1Nˆ ′1
,
f12(m1, m2) =
1
32π3
∫
dx2d
2p⊥
F12
x2Nˆ1Nˆ ′1
, (7)
which will be numerically evaluated in next section.
With these form factors the amplitude is obtained as
A11 = f11(m1, m2)ǫ · ǫ1 + f12(m1, m2)P ′′ · ǫP ′ · ǫ1. (8)
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D(p1)
D(q)
X(3900)(P ′)
D¯∗(p2)
σ(q′)
D¯∗(P ′′)
α
β µ
d
D∗(p1)
D(q)
X(3900)(P ′)
D¯(p2)
pi(q′)
D¯∗(P ′′)
α
β µ
d
(I) (II)
FIG. 2: strong decay of molecular state.
The amplitude corresponding to the Feynman diagrams which are obtained by exchanging
the mesons in the final states of Fig.1 can be formulated by simply exchanging m1 and m2.
The total amplitude is
A1 = A11 +A12
= [f11(m1, m2) + f11(m2, m1)]ǫ · ǫ1 + [f12(m1, m2) + f12(m2, m1)]P ′′ · ǫP ′ · ǫ1
= g11ǫ · ǫ1 + g12P ′′ · ǫP ′ · ǫ1. (9)
B. Zc(3900) → DD¯∗
The corresponding Feynman diagrams are shown in Fig.2. Generally the intermediate
mesons should include ρ, ω, π and σ. However for an I = 1 molecular state the contributions
from ρ and ω nearly cancel each other as discussed in Ref.[29]. In terms of the vertex
function presented in the attached appendix, the hadronic matrix element corresponding to
the diagrams in Fig.2 is written as
A2 = i 1
(2π)4
∫
d4p1
HA01S
2(a)
dα +HA10S
2(b)
dα
N1N ′1N2
ǫd1ǫ
α (10)
with
S
2(a)
dα =
g
σDD
g
σD∗D∗√
2
gαβg
µβgdµF(m1, p1)F(m2, p2)F2(mσ, q′),
S
2(b)
dα =
−g
piDD∗
g
piDD∗√
2
gαβg
µβ(−qµ + q′µ)(p2d + q′d)F(m1, p1)F(m2, p2)F2(mD, q′). (11)
Carrying out the integral, hASˆdα is decomposed into
F21gdα + F22P
′
dP
′′
α , (12)
with
F21 =
g
σDD
g
σD∗D∗√
2
F(m1, p1)F(m2, p2)F2(mσ, q′) +
√
2g
piDD∗
g
piDD∗
A
(2)
1
6
D∗(p1) pi(q)
X(4030)(P ′)
D¯∗(p2)
D(q′)
J/ψ(P ′′)
α
µ µ′
ν ν′
d
D∗(p1) pi(q)
X(4030)(P ′)
D¯∗(p2)
D∗(q′)
J/ψ(P ′′)
α
µ µ′
ν ν′
a
c
d
(a) (b)
+the Figures exchanged the final states
FIG. 3: strong decay Zc(4030) → J/ψpi
F(m1, p1)F(m2, p2)F2(mpi, q′)
F22 =
√
2g
piDD∗
g
piDD∗
(−2 + A(1)1 + 3A(1)2 + A(2)2 − 2A(2)3 − A(2)4 )
F(m1, p1)F(m2, p2)F2(mpi, q′). (13)
Similar to the definitions in Eq.7 the amplitude then is
A2 = f21ǫ · ǫ1 + f22P ′′ · ǫP ′ · ǫ1. (14)
III. THE STRONG DECAYS OF Zc(4030) WHICH IS ASSUMED TO BE A 1
+
MOLECULAR STATE OF D∗D¯∗
Now let us consider strong decays of Zc(4030) which is assumed to be a D
∗D¯∗ molec-
ular state. Similar to what we have done for Zc(3900), we calculate the decay rates for
Zc(4030) → J/ψπ, Zc(4030) → ψ′π, Zc(4030) → ρηc, Zc(4030) → DD¯∗, and one more
channel: Zc(4030)→ D∗D¯∗ which is open at the energy of 4030 MeV.
A. Zc(4030) → J/ψpi (ρηc orψ′pi)
The Feynman diagrams are shown in Fig.3. In terms of the vertex function given in the
appendix, the hadronic matrix element is
A31 = i 1
(2π)4
∫
d4p1
HA1
N1N ′1N2
(S
3(a)
dα + S
3(b)
dα )ǫ
d
1ǫ
α, (15)
where
S
3(a)
dα = gψDD∗gpiDD∗εµναβg
µµ′(2qµ′ − p1µ′)P ′βgνν′εabν′dP ′′apb2F(m1, p1)F(m2, p2)F2(mD, q′),
and S
3(b)
dα = gψD∗D∗gpiD∗D∗εµναβg
µµ′P ′βgνν
′
εωµ′ρap
ω
1 q
′ρgac[(q′ − p2)dgcν′ − q′νgdc + p2cgdν′ ]
F(m1, p1)F(m2, p2)F2(mD∗ , q′). Carrying out the integration and making the required re-
placements, we have
hA1(Sˆ
3(a)
dα + Sˆ
3(b)
dα ) = F31gdα + F32P
′
dP
′′
α , (16)
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with
F31 =
g
ψDD∗
g
piDD∗
hA1
4
[2M ′4 −A(1)1 M ′4 − 3A(1)2 M ′4 + 3A(2)2 M ′4 + 4A(2)3 M ′4 + A(2)4 M ′4
−4M ′2M ′′2 + 2A(1)1 M ′2M ′′2 + 6A(1)2 M ′2M ′′2 + 10A(2)2 M ′2M ′′2 − 4A(2)3 M ′2M ′′2
−2A(2)4 M ′2M ′′2 + 2M ′′4 −A(1)1 M ′′4 − 3A(1)2 M ′′4 + 3A(2)2 M ′′4 + A(2)4 M ′′4
+4A
(2)
1 (M
′2 +M ′′2 − q2)− 2m12 (M ′2 +M ′′2 − q2)− 4M ′2 q2 + 2A(1)1 M ′2 q2
+6A
(1)
2 M
′2 q2 − 4A(2)2 M ′2 q2 − 4A(2)3 M ′2 q2 − 4M ′′2 q2 + 2A(1)1 M ′′2 q2
+6A
(1)
2 M
′′2 q2 − 4A(2)2 M ′′2 q2 + 2 q4 − A(1)1 q4 − 3A(1)2 q4 + A(2)2 q4 − A(2)4 q4
−2M ′2 (−M ′02 +M ′2) x1 + 2 (M ′02 −M ′2)M ′′2 x1 + 2 (−M ′02 +M ′2) q2 x1]
F(m1, p1)F(m2, p2)F2(mD, q′)
+
g
ψD∗D∗
g
piD∗D∗
hA1
2
{6A(2)1 (M ′2 −M ′′2 + q2)− (A(1)1 + A(2)2 ) [M ′4 + (M ′′2 − q2)
2
−2M ′2 (M ′′2 + q2)]}F(m1, p1)F(m2, p2)F2(mD∗ , q′)
F32 =
g
ψDD∗
g
piDD∗
hA1
2
[−4A(2)1 + 2m12 − 2M ′2 + A(1)1 M ′2 + 3A(1)2 M ′2 − 3A(2)2 M ′2
−4A(2)3 M ′2 − A(2)4 M ′2 − 2M ′′2 + A(1)1 M ′′2 + 3A(1)2 M ′′2 − 3A(2)2 M ′′2
−A(2)4 M ′′2 + 2 q2 − A(1)1 q2 − 3A(1)2 q2 + A(2)2 q2 − A(2)4 q2 − 2M ′02 x1 + 2M ′2 x1]
F(m1, p1)F(m2, p2)F2(mD, q′)
+g
ψD∗D∗
g
piD∗D∗
hA1[6A
(2)
1 + A
(1)
1 (−7M ′2 +M ′′2 − q2) + A(2)2 (9M ′2 +M ′′2 − q2)]
F(m1, p1)F(m2, p2)F2(mD∗ , q′). (17)
We define the form factors as following
f31(m1, m2) =
1
32π3
∫
dx2d
2p⊥
F31
x2Nˆ1Nˆ
′
1
,
f32(m1, m2) =
1
32π3
∫
dx2d
2p⊥
F32
x2Nˆ1Nˆ ′1
, (18)
which will be numerically evaluated in next section.
With these form factors the amplitude is obtained as
A31 = f31(m1, m2)ǫ · ǫ1 + f32(m1, m2)P ′′ · ǫP ′ · ǫ1. (19)
Similarly, the amplitude corresponding the Feynman diagrams which are obtained by
switching around the mesons in the final states can be easily obtained by exchanging m1 and
m2. The total amplitude is
A3 = A31 +A32
= [f31(m1, m2) + f31(m2, m1)]ǫ · ǫ1 + [f32(m1, m2) + f32(m2, m1)]P ′′ · ǫP ′ · ǫ1
= g31ǫ · ǫ1 + g32P ′′ · ǫP ′ · ǫ1. (20)
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D∗(p1) D(q)
X(4030)(P ′)
D¯∗(p2)
pi(q′)
D¯∗(P ′′)
α
µ µ′
ν ν′
d
FIG. 4: strong decay of molecular state.
B. Zc(4030) → DD¯∗
Since there does not exist an effective coupling of σ with a psedoscalar and a vector, only
the Feynman diagram with intermediate π can contribute.
In terms of the vertex function, the hadronic matrix element corresponding to (a) and
(b) of Fig.4 is
A4 = i 1
(2π)4
∫
d4p1
HA1
N1N ′1N2
Sdαǫ
d
1ǫ
α (21)
where
Sdα = −gpiDD∗gpiD∗D∗εµναβgµµ
′
(−2qµ′ + p1µ′)P ′βgνν′εabν′dP ′′apb2F(m1, p1)F(m2, p2)F2(mpi, q′),
Carrying out the integration and making the replacements, we have
Sˆdα = F41gdα + F42P
′
dP
′′
α , (22)
with
F41 =
g
piDD∗
g
piD∗D∗
hA1
4
[−2M ′4 + A(1)1 M ′4 + 3A(1)2 M ′4 − 3A(2)2 M ′4 − 4A(2)3 M ′4 −A(2)4 M ′4
+4M ′2M ′′2 − 2A(1)1 M ′2M ′′2 − 6A(1)2 M ′2M ′′2 − 10A(2)2 M ′2M ′′2 + 4A(2)3 M ′2M ′′2
+2A
(2)
4 M
′2M ′′2 − 2M ′′4 + A(1)1 M ′′4 + 3A(1)2 M ′′4 − 3A(2)2 M ′′4 − A(2)4 M ′′4
−4A(2)1 (M ′2 +M ′′2 − q2) + 2m′12 (M ′2 +M ′′2 − q2) + 4M ′2 q2 − 2A(1)1 M ′2 q2
−6A(1)2 M ′2 q2 + 4A(2)2 M ′2 q2 + 4A(2)3 M ′2 q2 + 4M ′′2 q2 − 2A(1)1 M ′′2 q2
−6A(1)2 M ′′2 q2 + 4A(2)2 M ′′2 q2 − 2 q4 + A(1)1 q4 + 3A(1)2 q4
−A(2)2 q4 + A(2)4 q4 + 2 (−M ′02 +M ′2) (M ′2 +M ′′2 − q2) x1]F(m1, p1)F(m2, p2)F2(mpi, q′)
F42 =
g
piDD∗
g
piD∗D∗
hA1
2
[4A
(2)
1 − 2m12 + (2− A(1)1 − 3A(1)2 + 3A(2)2 + A(2)4 )M ′′2 + (−2 + A(1)1 +
3A
(1)
2 − A(2)2 + A(2)4 ) q2 +M ′2 (2−A(1)1 − 3A(1)2 + 3A(2)2 + 4A(2)3 + A(2)4 − 2 x1)
+2M ′0
2
x1]F(m1, p1)F(m2, p2)F2(mpi, q′). (23)
The amplitude can be eventually reached as
A4 = f41ǫ · ǫ1 + f42P ′′ · ǫP ′ · ǫ1. (24)
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FIG. 5: strong decay of molecular state.
C. Zc(4030) → D∗D¯∗
For this decay mode there are two Feynman diagrams which are induced by exchanging
π and σ between the two constituents D∗ and D¯∗, making contribution.
In terms of the vertex function, the hadronic matrix element corresponding to diagrams
(a) and (b) of Fig.5 is
A5 = i 1
(2π)4
∫
d4p1
HA1
N1N
′
1N2
(S
5(a)
dfα + S
5(b)
dfα )ǫ
d
1ǫ
f
2ǫ
α (25)
S
5(a)
dfα = gpiD∗D∗gpiD∗D∗εµναβερµ′ωfεadbν′g
µµ′gνν
′
P ′β(p1ρ)qνP
′′apb2F(m1, p1)F(m2, p2)F2(mpi, q′),
S
5(b)
dfα = gσD∗D∗gσD∗D∗εµναβg
µµ′gνν
′
P ′βgfµ
′
gdν
′F(m1, p1)F(m2, p2)F2(mpi, q′). (26)
carrying the integration and making the replacement, one has
Sˆ
5(a)
dfα + Sˆ
5(b)
dfα = F51εdfµνP
′µP ′′νP ′′α + F52εdfαβP
′
β, (27)
with
F51 = 2gpiD∗D∗gpiD∗D∗hA1A
1
1(A
1
1 + A
1
2 − 1)F(m1, p1)F(m2, p2)F2(mpi, q′)
F52 = gσD∗D∗gσD∗D∗hA1F(m1, p1)F(m2, p2)F2(mσ, q′). (28)
The amplitude is
A5 = f51εdfµνP ′µP ′′νP ′′αǫαǫ1dǫ2f + f52εdfαβP ′βǫαǫ1dǫ2f . (29)
where the expressions of f51 and f52 are similar to Eq.7 and Eq.18.
IV. NUMERICAL RESULTS
In this section we present our theoretical predictions on the decay rates of the concerned
modes. The key point is to calculate the corresponding form factors we deduced in last
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section. Those formulas involve many parameters which need to be priori fixed. We use
the BES dada 3.899 GeV[1] as the mass of Zc(3900) and the mass of Zc(4030) is assigned
to be 4.03 GeV. The masses of the decay products and intermediate mesons are set as
mJ/ψ = 3.096 GeV, mψ′ = 3.686 GeV, mηc = 2.981 GeV, mρ = 0.77 GeV, mpi = 0.139 GeV,
mD = 1.869 GeV, mD∗ = 2.007 GeV and mσ = 0.5 GeV taken from Ref.[30]. In Refs.[23, 24]
the coupling constants g
piDD∗
and g
piD∗D∗
were fixed to be 8.8 and 9.08 GeV−1 respectively.
For the coupling of ψD(∗)D(∗), ψDD∗ and ψD∗D∗ there exists a simple, but approximate
relation g
ψDD
= mDgψDD∗ = gψD∗D∗ [26, 27] and gψDD = gψD∗D∗ = 8.0[25], so we can fix
g
ψDD∗
= 4.28 GeV−1. In the heavy quark limit the relation g
ηcD∗D
= mDgηcD∗D∗ = gψDD
should exist. The coupling constant g
ρDD
and g
ρD∗D∗
are set to be 3[29] in our calculation
and g
ρDD∗
= 3 GeV−1 is adopted. g
σD∗D∗
= 2mD∗gσ and gσDD = 2mDgσ with gσ = 0.76[31]
are also reasonable approximations. Λ in the vertex F is a cutoff parameter which was
suggested to set as 0.88 GeV to 1.1 GeV in Ref.[27] and we will use both of the values in
our calculation and compare the results. The other parameter β in the wavefunction is not
very clear so far and its value is estimated to be near or smaller than the number of β for
the wavefunction of J/ψ which is fixed to be 0.631 GeV−1 in Ref.[32].
Since we derive the form factors in the frame of q+ = 0 ( q2 < 0) i.e. in space-like region,
we extend these form factors to the time-like region according to the normal procedure
provided in literatures. Then letting q2 take the value of m2 , the physical form factors are
obtained. In Ref.[19] a three-parameter form was suggested as
F (q2) =
F (0)[
1− a
(
q2
M2
Λb
)
+ b
(
q2
M2
Λb
)2] . (30)
However we find the form Eq.30 does not fit the numerical values satisfactorily (see the
figures), so instead, we employ a polynomial
F (q2) = F (0)

1 + a
(
q2
M2Λb
)
+ b
(
q2
M2Λb
)2
+ c
(
q2
M2Λb
)3
+ d
(
q2
M2Λb
)4 . (31)
The resultant form factors and the effective coupling constants are listed in table I.
One can find if Zc(3900) is a molecular state ofDD¯
∗ the partial width of Zc(3900)→ DD¯∗
is very small. For Zc(4030) both the partial widths Γ(Zc(4030) → D∗D¯∗) Γ(Zc(4030) →
DD¯∗) are small, but sufficiently sizable to be measured.
In our calculation, we notice that the model parameters Λ and β can affect the numerical
results sensitively. Since the β is a model parameter which is closely related to the behavior of
the wavefuctions of the concerned hadrons, we illustrate the dependence of Zc(3900)→ J/ψπ
and Zc(4030) → J/ψπ on β in Fig.6. Line A and B in Fig.6 correspond to Zc(3900) and
Zc(4030) respectively. In Ref.[33] the estimated Γ(Zc(3900)→ J/ψπ) is about 1 MeV which
is smaller than our results.
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TABLE I: The form factors given in the five-parameter form (Λ = 0.88 GeV, β = 0.631 GeV−1).
The numbers above the horizontal line correspond to Zc(3900) and those numbers below the line
correspond to Zc(4030). The definitions of the form factors are given in last section.
F F (0) a b c d F F (0) a b c d
g
J/ψpi
11 -1.05 10.59 17.83 14.73 4.90 g
J/ψpi
12 -1.16 2.33 3.21 2.51 0.82
g
ψ(2S)pi
11 -4.24 9.32 18.271 16.57 5.82 g
J/ψ(2S)pi
12 -4.35 3.18 5.33 4.67 1.63
gρηc11 0.065 - 6.81 -9.34 -6.769 -2.10 g
J/ρηc
12 -0.083 1.66 1.85 1.30 0.40
f21 0.052 5.34 12.57 13.43 5.27 f22 0.39 5.72 13.89 15.12 5.99
g
J/ψpi
31 2.90 -10.39 -21.90 -20.54 -7.53 g
J/ψpi
32 0.64 3.23 5.05 4.26 1.49
g
ψ(2S)pi
31 -0.84 -59.48 -148.71 -155.46 -60.64 g
ψ(2S)pi
32 -1.30 3.89 6.86 6.20 2.25
gρηc31 -0.46 0.15 -0.16 -0.17 -0.06 g
J/ρηc
32 -0.011 5.80 8.78 6.99 2.34
f41 -0.28 0.031 -4.79 -7.81 -3.76 f42 -0.26 5.25 12.676 14.20 5.89
f51 0.074 5.35 12.91 14.42 5.96 f52 -0.053 5.14 12.04 13.23 5.42
TABLE II: The decay widths of some modes (Λ = 0.88 GeV, β = 0.631 GeV−1).
decay mode width(MeV) decay mode width(MeV)
Zc(3900) → J/ψpi 3.67 Zc(4030) → J/ψpi 17.85
Zc(3900) → ψ(2S)pi 8.24 Zc(4030) → ψ(2S)pi 0.30
Zc(3900) → ρηc 0.45 Zc(4030) → ρηc 0.30
Zc(3900) → DD∗ 0.024 Zc(4030) → DD∗ 0.23
- - Zc(4030) → D∗D∗ 0.52
TABLE III: The decay widths of some modes (Λ = 1.1 GeV, β = 0.631 GeV−1).
decay mode width(MeV) decay mode width(MeV)
Zc(3900) → J/ψpi 6.44 Zc(4030) → J/ψpi 35.08
Zc(3900) → ψ(2S)pi 12.00 Zc(4030) → ψ(2S)pi 0.66
Zc(3900) → ρηc 0.88 Zc(4030) → ρηc 0.53
Zc(3900) → DD∗ 0.055 Zc(4030) → DD∗ 0.62
- - Zc(4030) → D∗D∗ 0.96
V. DISCUSSIONS AND A TENTATIVE CONCLUSION
In this work we calculate the decay rates of Zc(3900) to Jψπ, ψ(2s)π, ηcρ and D
∗D¯∗
in the LFM by assuming that Zc(3900) is a molecular state of
1√
2
(DD¯∗ + D∗D¯). The
numerical results are shown in tables II and III where we vary the model parameters Λ
to check the parameter dependence. Then in the same framework, we evaluate the decay
rates of a postulated Zc(4030) which was predicted by Voloshin[11] according to the mass
12
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FIG. 6: the dependence of Γ(Zc(3900)→ J/ψpi) (A) and Γ(Zc(4030) → J/ψpi) (B) on β.
gap between Zb(10610) and Zb(10650). It is tempted to consider Zc(4030) as a molecular
state of D∗D¯∗. Very recently, the BES collaboration reports that two resonances Zc(4020)
and Zc(4025) were observed [34]. The resonance Zc(4020) is observed in the channel of
e+e− → πZc(4020)→ π+π−hc(1P ) at CM energies of 4.26/4.36 GeV and the fit results are
M(4020) = (4021.8±1.0±2.5) MeV and Γ(4020) = (5.7±3.4±1.1) MeV, whereas Zc(2025)
is observed in the channel e+e− → π−D∗D¯∗ at the CM energy of 4.26 GeV with the fit
results of N(4025) = (4026.3± 2.6± 3.7) MeV, Γ(4025) = (24.8± 5.7 ± 7.7) MeV. Both of
them are slightly lower than 4030 MeV. Since they are apart by only 2σ, one still may ask
if they are the same resonance and the difference is due to experimental errors.The results
of this work may help to clarify if they are indeed one resonance.
Our numerical results listed in tables II and III show that the decay rate of Zc(3900)→
J/ψπ, which is the channel of first observing Zc(3900), is about a few MeV. But the decay
Zc(3900)→ DD¯∗(orD∗D¯) is much smaller than that for the J/ψ final state. It is also noted
that the rate of Zc(3900) → ψ(2s)π is almost twice larger than that for Zc(3900) → J/ψπ.
Even though the final state phase space of ψ(2s)π is smaller than that for J/ψπ, the form
factor for Zc → ψ(2s)π is larger to result in the enhanced rate.
For the numerical computations we take 4030 MeV as the mass of Zc(4030) , but of course
it is easy to adjust it into 4020 or 4025 MeV. Since the two resonances are waiting for further
confirmation, we at present employ 4030 MeV as input, and the numerical results would be
of significance even though not accurate. Our numerical results show that the tendency of
the predicted decay rates for Zc(4030) are similar to that for Zc(3900).
The predicted rates are somehow sensitive to the model parameters, for example in tables
II and III, we only change the value of Λ from 0.88 GeV to 1.1 GeV which were determined by
fitting data of different experiments, the rates are almost doubled. Fig.6 shows dependence
of Γ(Zc(3900)→ J/ψπ) and Γ(Zc(4030)→ J/ψπ) on the β−value. Since the values of Λ and
β are obtained by fitting data of experiments, we can only adjust those parameters within
small ranges, so that the predictions with the model cannot be drastically changed. Namely,
even though the predicted values may vary by a factor of two or even larger, the degree of
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magnitude remains the same.
Because the theoretical predictions are not fully accordant with the available data, al-
though the data so far are not very accurate, we prefer to draw a tentative conclusion that
the observed Zc(3900) and newly observed Zc(4020) and/or Zc(4025) are not molecular states
of DD¯∗ and D∗D¯∗, but may be tetraquarks or mixtures of molecular states and tetraquarks.
It is difficult to evaluate the decay rates of tetraquarks because there the non-perturbative
QCD effects would dominate. In our later work, we will try to do it in terms of some rea-
sonable models. Definitely further more accurate measurements on the decays of such exotic
states: Zb, Z
′
b, Zc and Z
′
c are very badly needed.
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Appendix A: the vertex function of molecular state
Supposing Zc(3900) and Zc(4030) are molecular states which consists of D and D¯∗ and
D∗ and D¯∗ respectively. If the orbital angular momentum between the two components is
zero, i.e. l = 0, the total spin S should be 0, 1 and 2 and total angular momentum J also is
15
0, 1 and 2.
Similar to our previous works on baryons [15], we construct the vertex function of molec-
ular in the same model. The wavefunction of a molecualr with total spin J and momentum
P is
|X(P, J, Jz)〉 =
∫
{d3p˜1}{d3p˜2} 2(2π)3δ3(P˜ − p˜1 − p˜2)
×∑
λ1
ΨSSz(p˜1, p˜2, λ1, λ2)F | D(∗)(p1, λ1)D¯∗(p2, λ2)〉, (A1)
with
ΨSSz(p˜1, p˜2, λ1, λ2) =
〈
λ1
∣∣∣R†M (x1, k1⊥, m1)∣∣∣ s1〉 〈λ2 ∣∣∣R†M(x2, k2⊥, m2)∣∣∣ s2〉
〈1s1; 1s2 |SSz〉 〈SSz; 00 |JJz〉ϕ(x, k⊥) ,
where 〈1s1; 1s2|SSz〉〈SSz; 00|JJz〉 is the C-G coefficients and s1, s2 are the spin projections
of the constituents. These C-G coefficients can be rewrote as
〈1s1; 00|SSz〉〈SSz; 00|1Jz〉 = A10ǫ1(s1) · ǫ(Jz)
〈00; 1s2|SSz〉〈SSz; 00|1Jz〉 = A01ǫ2(s2) · ǫ(Jz)
〈1s1; 1s2|SSz〉〈SSz; 00|00〉 = A0ǫ1(s1) · ǫ2(s2)
〈1s1; 1s2|SSz〉〈SSz; 00|1Jz〉 = A1εµναβǫ1µ(s1)ǫ2ν(s2)ǫα(Jz)Pβ
〈1s1; 1s2|SSz〉〈SSz; 00|2Jz〉 = A2ǫ1µ(s1)ǫ2ν(s2)ǫµν(Jz) (A2)
with
A01 =
√
3m1√
e21 + 2m
2
1
,
A10 =
√
3m2√
e22 + 2m
2
2
,
A0 =
2m1m2√
M ′0
4 − 2M ′02(m12 +m22) +m14 + 10m12m22 +m24
,
A1 =
2
√
3m1m2√
M ′2[4e12m22 − 4e1e2(−M ′02 +m12 +m22) + 4e22m12 + 10m12m22 − CA]
,
A2 =
√
120m1m2√
4e12(4e22 + 7m22) + 4e1e2(−M ′02 +m12 +m22) + 28e22m12 + 54m12m22 + CA
,
CA = M
′
0
4 − 2M ′02(m12 +m22) +m14 +m24.
A Melosh transformation brings the the matrix elements from the spin-projection-on-
fixed-axes representation into the helicity representation and is explicitly written as
〈
λ2
∣∣∣R†M (x2, k2⊥, m2)∣∣∣ s2〉 = ξ∗(λ2, m2) · ξ(s2, m2),
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and 〈
λ1
∣∣∣R†M (x1, k1⊥, m1)∣∣∣ s1〉 = ξ∗(λ1, m1) · ξ(s1, m1).
Following Refs. [12, 19], the Melosh transformed matrix can be expressed as
〈λ1|R†M(x1, k1⊥, m1)|s1〉〈λ2|R†M(x2, k2⊥, m2)|s2〉
〈1s1; 1s2|SSz〉〈SSz; 00|JJz〉
= A1ε
µναβǫ1µ(λ1)ǫ2ν(λ2)ǫα(Jz)Pβ, (A3)
so the wavefunction of 1+ molecular state of D(∗)D¯∗
ΨSSz(p˜1, p˜2, λ1, λ2) = A1ϕ(x, k⊥)ε
µναβǫ1µ(λ1)ǫ2ν(λ2)ǫα(Jz)Pβ
= h′A1ε
µναβǫ1µ(λ1)ǫ2ν(λ2)ǫα(Jz)Pβ, (A4)
with ϕ = 4( pi
β2
)3/4 e1e2
x1x2M0
exp(−k
2
2β2
).
Similarly the wavefunction of 1+ molecular state of DD¯∗
ΨSSz(p˜1, p˜2, λ1, λ2) = Aϕ(x, k⊥)ǫ1µ(λ1) · ǫα(Jz)
= h′A1ǫ1µ(λ1) · ǫα(Jz). (A5)
and normalization of the state is X(P, J, Jz)〉 ,
〈X(P ′, J ′, J ′z)|X(P, J, Jz)〉 = 2(2π)3P+δ3(P˜ ′ − P˜ )δJ ′JδJ ′zJz . (A6)
All other notations can be found in Ref.[15].
Appendix B: the effective vertices
the effective vertices can be found in [23–27],
LpiDD∗ = igpiDD∗(D∗µ∂µπD¯ − ∂µDπD¯∗µ + h.c.), (B1)
LpiD∗D∗ = −gpiD∗D∗εµναβ∂µD¯∗νπ∂αD∗β, (B2)
LψDD = igψDDψµ(∂µDD¯ −D∂µD¯), (B3)
LψDD∗ = −gψDD∗εµναβ∂µψν [∂βD∗αD¯ +D∂βD¯∗α] (B4)
LψD∗D∗ = igψD∗D∗ [−ψµD∗ν(
−→
∂ −←−∂ )µD∗†ν + ψµD∗ν∂νD∗†µ − ψµ∂νD∗µD∗†ν ], (B5)
LσDD = −gσDDσDD¯ (B6)
LσD∗D∗ = gσD∗D∗σD∗ · D¯∗ (B7)
The effective vertices ηcDD
∗ and ηcD∗D∗ are similar to those in Eq. (B1) and Eq. (B2) and
the effective vertices ρDD, ρDD∗ and ρD∗D∗ can be obtained by replacing the ψ by ρ in
Eq. (B3) and Eq. (B4).
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